Since effective disposable way of anaerobically digested biogas slurry is expected, ADS was applied to soil to evaluate its effects on nematode damage. Damage index of tomato by root-knot nematode was significantly (P < .05) lower and the growth better in pots applied with ADS (100 and 200 mg NH These results suggest that application of ADS to fields might be feasible for mitigating nematode damage, but the rate and timing should be considered further for the best application way.
Introduction
How to dispose byproduct of biogas plants into our environment is now becoming an important issue. Direct application to agricultural land is one of the most probable options. The byproduct, anaerobically digested slurry (ADS) from animal wastes, has been evaluated as a potentially important alternative source to synthetic inputs [1] in sustainable crop production. In addition, protection of plant-parasitic nematodes and phytopathogenic fungi [1] [2] [3] [4] [5] [6] [7] by ADS has been reported, and its ingredients such as ammonium and acetic acid are proposed as possible mechanisms [6] . In addition, it is discussed that plant-parasitic nematodes are controlled by certain kinds of organic amendment through the stimulation of naturally occurring antagonists [8, 9] for nematodes pests and/or change of the soil nematode community structure [10] .
We have previously reported on the ability of different types of ADS to suppress the root-lesion nematode Pratylenchus penetrans and root-knot nematode Meloidogyne incognita in in vitro experiment without the host plants and the possible mechanisms involved [6] . The objective of this study was to evaluate the effectiveness of ADS on the plantparasitic nematodes in larger scales of experiment, such as pot and field with the host plants. The Miura Peninsula in Kanagawa Prefecture is a major radish production area of Japan, and damage caused by P. penetrans is the major threat to the farmers since it reduces radish quality [11] . Therefore, potential nematicidal action of ADS was tested for the damage by nematode in conventional radish cultivated fields in the area. In addition, effect of ADS on damage to tomato by root-knot nematode disease M. incognita was also evaluated in a greenhouse.
Materials and Methods

ADSs Used.
ADSs with different raw materials were used: cow slurry (ADCS), pig slurry (ADPS), and a mixture of incognita was extracted from a sweet potato cultivated soil naturally infested with the nematode using the Baermann funnel method. Population density of the juvenile second stage of nematode was counted, and the pure M. incognita suspension was used as an inoculum after appropriate dilution.
Plant Material.
Tomato seeds (Solanum lycopersicum var. Fukuju) were pregerminated in a Petri dish for 2 days at temperature conditions (25 • C) in a biotron (LPH 200, NK System) (12 hr day and 12 hr night conditions). Then, three germinated tomato seedlings were planted in a vinyl pot (9 cm in diameter, 7.5 cm in height) containing 100 g of soil (no infested soil collected from Fuchu campus, TUAT, soil texture: clay loam (clay 39%, silt 33%, and sand 28%), pH (H 2 O): 6.7 and grown for 30 days. Then, a one-monthold tomato plant was transplanted into a vinyl pot (11 cm in diameter, 10 cm in height) filled with 500 g of the soil.
ADS Application Rate and Time.
One day prior to transplanting, ADCS and ADMS were applied into each pot at rates of 100 and 200 mg NH 4 + -N kg −1 soil. Chemical fertilizer (8-8-8 , N-P-K) was applied at a rate of 100 mg NH 4 + -N kg −1 soil, and the control without fertilizer was also prepared. Each treatment was replicated seven times in a randomized complete block design.
Inoculation of J2.
Tomato plants were inoculated by pouring 500 J2 in 10 mL of sterile distilled water around the root zone of a plant the next day after transplanting.
Nematodes Assessment and Disease Index.
After one month cultivation in a greenhouse, individual plants were uprooted, and the roots were gently shaken to remove the adhering soil. Root knot index was recorded based on a 0-10 grade scale as described by Bridge and Page [12] . Soil in the pot was mixed well, together with the adhering soil with root and used for nematode extraction with the Baermann funnel method (seven days, room temperature). After the observation of root-knot index, nematodes were extracted from all the roots. After seven days incubation, nematodes were counted under microscope (×40). 
Field Experiments
Soil and Plant Sampling.
Soil sampling was done before cultivation time (prior to application of ADS) and at harvest in each year. Soil samples were collected from 0-30 cm depth using a root auger (4 cm in diameter, Daiki Riki Kogyo Co., Ltd., Tokyo, Japan). Five soil cores were taken from each plot, and the soil samples were mixed thoroughly to make a composite sample. Nematodes were extracted from 20 g in three replications using the Baermann funnel method (two days, room temperature). The numbers of total nematodes and P. penetrans were separately counted under a microscope (×40). Counting was using a composite solution consisting of three replicate tubes each plot in 2007 and 2008. In 2009, counting was separately done using each replicate tube. At harvest, 10 to 20 plants were uprooted from the middle area of each plot and the following parameters measured: the number of spots caused by the root-lesion nematode by visual inspection and weight and length of radish.
Statistical Analysis.
Differences among mean values of control and treatment were analyzed by analysis of variance (ANOVA) using a software Excel statistics 2002 (Social Survey Research Information, Tokyo, Japan). In field experiment, overall differences among means were tested using one-way ANOVA for nematode density. Damage (spot number) data were analyzed with two-way ANOVA including with treatment and plot interaction.
Results
Nematode Population in Soil and Plant
Root. Population of M. incognita was significantly lower (P < .05) in all ADSstreated and control (no ADS) pots than in pots with chemical fertilizer both in soil and root at harvest (Figures 1(a) and  1(b) ).
Effect of ADS on Damage to Tomato by the Root-Knot
Nematode in Greenhouse Experiment. Gall formations were significantly lower (P < .05) in the plants treated with ADCS, MMS than in those in the control and treated with chemical fertilizer (Figure 1(c) (Figure 2(a) ). In 2007, P. penetrans population was lower both in the control (45%) and ADS plots (70%) at harvest than at sowing, and the difference was significant (P < .05) in the ADS plot. In contrast, there was no significant effect on P. penetrans in 2008.
In 2009, population of free-living nematodes was a little higher in the ADS plot than in the control at sowing although there was no significant difference. Like 2007 and 2008 results, a similar decreasing trend was observed at harvest. Initial population of P. penetrans in the ADS-treated plot was twice as that of control. At harvest, population of P. penetrans drastically increased (about 8 times) in the control plot, while 30% decrease was observed in the ADS plot although there was no significant difference (Figure 2(b) ). 
Damage by the Root-Lesion Nematode to Radish.
There was a highly significant interaction effect (P < .001) between treatment and plot. Therefore, spot numbers on radish were not significantly different, but were lower by 30% and 50% in the ADS plot than in the control in 2007 and 2009, respectively. Higher spot numbers (60%) was found in the ADS plot than in the control in 2008 (Table 2 ).
Discussion
Although a number of studies have shown that anaerobically digested slurry may have potential for the control of plant-parasitic nematode, there is limited research for the management of root-lesion nematode in field condition. Our previous study [6] demonstrated acute toxicity of NH 3 and acetic acid in ADS for P. penetrans and M. incognita in in vitro experiment, in which their populations were reduced by 50% in one week incubation. Thus, ADS was considered as a valuable liquid fertilizer that might function as a nematicide for managing plant-parasitic nematode diseases as well as a fertilizer [7] . The present greenhouse and field study further supported the suppressive property of ADS to nematode damage. In a greenhouse experiment, two types of slurry, ADCS and ADMS, were applied at rates of 100 and 200 mg NH 4 + -N kg −1 , within the conventional ranges of N fertilization. The results demonstrated that ADS significantly suppressed population of the root-knot nematode and damage to tomato caused by the nematode, concurrent with the previous study by Jothi et al. [5] . However, there were no significant differences in the effectiveness of ADS between 100 and 200 mg NH 4 + -N level, although the plant growth became more vigorous at 200 mg NH 4 + -N level.This result indicates that increase of the application rate of ADS may provide more nutrients, but not bring more nematicidal action.
Different response to the ADS amendment was observed in the management of P. penetrans in radish cultivated fields. In 2007, there was only a little reduction in the number of P. penetrans at harvest in the ADS plots compared with that at sowing, it may be due to the weak toxicity of NH 3 and other volatile organic acids in the field condition, unlikely in vitro experiment [6] . But, nematode damage to radish was lower (30%) in the ADS plot than in the control. In this study, we used ADS as an organic material and expected increase in number of free-living nematodes in the soil at harvest. However, populations of free-living nematodes did not change by the application of ADS, contradicting with the previous findings that organic amendments stimulate free-living nematode [1, 13, 14] . Nahar et al. [14] found the increase in number of free-living nematodes following application of animal manure (100 kg N ha −1 ). A similar trend was observed after application of liquid hog manure (ca. 260 kg N ha −1 ) by Mahran et al. [1] . In contrast, Ferris and Matute [15] reported that significant changes in the nematode trophic groups and nematode abundance following organic amendments in field needed several years' application. McSorley and Gallaher [16] found that more consistent effects on nematode abundance are observed where organic amendments have been applied for several years. Our findings seemed to fall in the statements of these studies.
We conducted a field experiment again in 2008 in a different field with few numbers of P. penetrans and higher numbers of free-living nematodes. Likewise 2007 field result, a similar decreasing pattern of free-living nematodes was observed in both control and ADS plots at harvest. In contrast, the number of P. penetrans increased in the ADS plots at harvest and not in the control plot. The mechanism leading to increased numbers in the ADS plots is not clear. A possibility may be due to the presence of host and enhanced root biomass by the ADS application which could favor the multiplication of P. penetrans [15] . Since the initial inoculum density was fewer (ca. In this study, difference results of ADS were observed in greenhouse and field experiment. The reason for such difference in the ADS effects might be due to the different experimental condition. In greenhouse study, vinyl pots (11 cm in diameter and 10 cm height) were used and M. incognita was artificially inoculated into soil (1000 J2/kg soil). The effect of ADS on the limited soil volume condition was apparently seen by decreased population of inoculums at harvest and decreased gall formations. In the field condition, ADS was applied to the field soil and mixed well in a plough layer (0-15 cm). Although population changes during a growing season were not studied, no significantly reduced numbers of P. penetrans were observed at harvest compared with control. It suggested that NH 3 toxicity and other volatile acid from ADS can be weakened easily in field condition than in greenhouse. It was noticed that wind speed can contribute to NH 3 volatilization in field condition [17] , suggesting that wind might stimulate volatilization of NH 3 in field condition. In addition, effect of ADS on P. penetrans in lower soil is not expected in the field experiment since it was mixed in a plough layer. It is known that P. penetrans living in lower soil (30-60 cm) may cause damage to radish [11] . In this study, the host root system was clearly seen in deeper soil up to 50 cm and is the limiting factor for the vertical distribution of P. penetrans [18] . It was considered that P. penetrans in lower soil layer can proliferate and, thus, cause damage to radish. Thus, the probable way that can reduce the damage to radish by ADS application must be further studied. Concentration of ammonium and volatile organic acids containing in ADS decreases with time after application into soil, and, thereby, the suppressive property of ADS will decrease. If NH 3 toxicity from ADSs is maintained in the soil throughout the time of cropping season, we can expect more reduction in population and reproduction of P. penetrans and thereby more reduction in the damage. Relating to this hypothesis, ADS was applied as split dosage in 2009 as an alternative application way to maintain the NH 3 toxicity in field condition throughout a growing season. Population of P. penetrans became 8 times higher in the control plot at harvest, but no increase was observed in the plot amended with ADS, suggesting that the suppressive property of ADS might be maintained by the split application. Numbers of spots was 50% lower in the ADS-treated plots than those in the control and this reduction of damage level was higher than that of single application in 2007. These results suggest that split application of ADS seems to suppress the activity of P. penetrans and its damage to radish more effectively, but further study should be conducted to decide the best application rate and timing.
In conclusion, there was no detrimental effect on the plant growth by the application of ADS both in the greenhouse and field trail. However, different results were observed in greenhouse and field experiment. Although reduction in the population of P. penetrans in field condition was not in the satisfactory range in all years, ADS decreased the damage to radish in field condition in 2 out of 3 years. Split application of ADS may be a feasible option for maintaining the suppressive mechanism which leads to minimum damage level but need to consider more probable ways for improving the nematicidal efficiency of ADSs to manage nematode disease.
